A study has been made of the promoting effect of starch on cellulose digestion by mixed rumen bacteria in a cellulose-urea medium. Starch supplementation of the medium promoted the growth of bacteria that required neither amino acids (AA) nor branched-chain fatty acids (BrFA). The growth of these bacteria was followed by the growth of AA-dependent bacteria, AA-or BrFA-dependent bacteria, BrFA-producing bacteria, and finally, BrFA-dependent cellulolytic bacteria. Population changes of these bacterial groups corresponded with a crossfeeding of AA and BrFA and the overall disappearance of cellulose. The data suggest that the nutritional interdependence among rumen bacteria affects the rate of cellulose digestion.
A study has been made of the promoting effect of starch on cellulose digestion by mixed rumen bacteria in a cellulose-urea medium. Starch supplementation of the medium promoted the growth of bacteria that required neither amino acids (AA) nor branched-chain fatty acids (BrFA). The growth of these bacteria was followed by the growth of AA-dependent bacteria, AA-or BrFA-dependent bacteria, BrFA-producing bacteria, and finally, BrFA-dependent cellulolytic bacteria. Population changes of these bacterial groups corresponded with a crossfeeding of AA and BrFA and the overall disappearance of cellulose. The data suggest that the nutritional interdependence among rumen bacteria affects the rate of cellulose digestion.
In our previous paper (14) dealing with the nutritional interdependence among three representatives of rurnen bacteria, it was shown that stimulation of the growth of Bacteroides amylophilus by starch resulted in a successive growth of amino acid (AA)-dependent Megasphaera elsdenii and branched-chain fatty acid (BrFA)-dependent Ruminococcus albus in a medium devoid of both AAs and BrFAs. The present investigation was undertaken to see if such a nutritional interdependence could take place during cellulose digestion by mixed rumen bacteria.
Rumen contents were taken before a morning feeding from a fistulated Corridale sheep fed 300 g of hay and 150 g of commercial formula twice daily. The rumen contents were strained through two layers of gauze, and the filtrate was centrifuged at 500 x g for 15 min at 0°C. Then the supernatant was centrifuged at 20,000 x g for 15 min at 0°C, and the harvested bacteria were washed once with the anaerobic salt solution of Bryant and Burkey (5) . The washed cells were inoculated into 25 ml of basal medium to achieve a viable count of 7.2 x 107/ml, which was approximately equal to one-tenth of that in the gauze filtrate. The tubes (3 by 20 cm) were incubated at 39°C under continuous gassing with 02-free C02, and at intervals, two tubes were removed for analyses.
The composition of the basal medium was the same as that described by Bryant and Robinson (7) except that glucose was omitted and 1.5% (wt/vol) cellulose (Whatman CC41), 0.09% (wt/vol) urea, 0.0001% (wt/vol) hemin, and 0.17% (vol/vol) acetic acid were added. pH was adjusted to 6.9. Digestion of cellulose was measured by determining the difference in the weight of cellulose by the method of Crampton and Maynard (9) before and after incubation, and microbial protein (N x 6.25) was estimated from trichloroacetic acid (TCA)-insoluble N determined by the micro-Kjeldahl method. According to the suggestions (1, 15) that peptide-bound branched-chain AAs as well as free AAs are the precursors of BrFAs, acid hydrolysates of the TCA-soluble fractions were analyzed for branched-chain AAs by an automatic amino acid analyzer (Dionex model D-500). Microbial population change was examined as follows. Total viable counts were determined in roll tubes containing the nonselective rumen fluid-glucosecellobiose-starch-agar (RGCSA) medium of Bryant and Robinson (6) after 5 days of incubation. Then, about 40 well-isolated colonies in each roll tube were picked at random and stabbed into RGCSA slants. A loopful of the isolates from the slant was inoculated into small test tubes (1 by 10 cm) containing 3 ml of media 1, 2, and 3 and incubated at 39°C up to 96 h to investigate the requirements for AAs or BrFAs. The test tubes had butyl-rubber stoppers. Medium 1 contained the same ingredients as the basal medium except that cellulose and urea were omitted and glucose, starch, and cellobiose were added at 0.3% (wt/vol) each. Medium 1 was supplemented with 0.5% (wt/vol) Trypticase (BBL Microbiology Systems) to prepare medium 2, or with isobutyric, isovaleric, and 2-methylbutyric acids at 0.01% (vol/vol) each to give medium 3. The growth was followed by measuring optical density at 600 nm, and the lower limit of optical density as a criterion of growth was arbitrarily fixed at 0. that grew in all three media were assigned as AA-BrFA-independent bacteria, ones that grew in only medium 2 as AA-dependent bacteria, ones that grew in only medium 3 as BrFAdependent bacteria, and ones that grew in both medium 2 and medium 3 as AA-or BrFAdependent bacteria. The ability of the nonBrFA-dependent isolates to produce BrFAs from branched-chain AAs was tested in medium 2 after 96 h of incubation. Cellulolytic bacteria were counted after 28 days of incubation in roll tubes containing the selective medium, the composition of which was the same as that of Kurihara et al. (13) except that Casitone and MN cellulose 300 were replaced by Trypticase and wet-milled cellulose of Whatman no. 1 filter paper, respectively. Other materials and methods are given in the previous paper (14) .
Consistent with earlier reports with mixed culture fermentation (2, 3, 8, 11, 12) , cellulose digestion was stimulated by supplementing the cellulose medium with 0.4% (wt/vol) starch (cellulose-starch medium). However, the stimulation by starch was retarded and somewhat small when compared with supplementation with BrFAs and n-valeric acid (cellulose-FA medium) (Fig. la) . The pH in cellulose-starch medium and cellulose-FA medium followed the same time course and dropped to 6.0 after 64 h of incubation (not shown). It has been shown that cellulolytic rumen bacteria hardly grow at a pH below 6.0 (20). The starch supplementation also stimulated the synthesis of microbial protein (Fig. lb) as well as the subsequent production of the TCA-soluble branched-chain AAs (Fig. lc) and BrFAs (Fig. ld) , indicating a rapid degradation of the microbial protein and deamination of the resultant amino acids in cellulose-starch medium. Throughout the incubation, the molar proportion of valine, leucine, and isoleucine in the TCA-soluble fraction in cellulose-starch medium was approximately 2:1:1, while valine was the major branched-chain AA in cellulose medium. As rumen bacterial protein contains about equal amounts of the three branched-chain AAs (16) , the higher production of valine in cellulose medium may reflect the different rate of liberation of each amino acid from the bacterial protein (19) .
Total viable counts in cellulose-starch medium reached 1.62 x 109/ml after 12 h and remained roughly constant between 1.74 x 109 and 2.32 x 109/ml up to 72 h (Fig. 2) . In an early stage of incubation, however, a major population had requirements for neither AAs nor BrFAs, and as the time proceeded, AA-dependent bacteria and AA-or BrFA-dependent bacteria grew gradually, followed by the growth of BrFA-dependent bacteria. The BrFA-producing bacteria reached 2.65 x 108/ml after 32 h and then paralleled AA-dependent bacteria in population, accounting for um. When cellulolytic bacteria were isolated from the 48-to 64-h culture in cellulose-starch medium, 37 out of 44 isolates were identified as Ruminococcus flavefaciens and 7 as R. albus, both of which have been proved to be BrFA dependent (4, 10) .
The demonstration that the microbial population change roughly corresponded to the change of AAs and BrFAs in the culture suggests that mixed rumen bacteria can interact nutritionally by the same mechanisms that were demonstrated in the pure culture mixture (14 
